
This article was downloaded by: [University of Haifa Library]
On: 13 August 2012, At: 20:29
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

New Soluble π -Conjugated
Tetrathiafulvalene (TTF)
Polymers Bearing Long Alkyl
Side Chains: Preparation
by Organometallic
Polycondensation, Structure
and Chemical Properties of the
Polymers
Takakazu Yamamoto a , Takayuki Sasaki a , Tomoaki
Yanagida a , Takahisa Shimizu a , Isao Yamaguchi a ,
Munetaka Akita a , Shintaro Sasaki b , Takashi Fukuda
c & Hiro Matsuda c
a Chemical Resources Laboratory, Tokyo Institute of
Technology, 4259 Nagatsuta, Midori-ku, Yokohama,
226-8503, Japan
b Japan Advanced Institute of Science and
Technology, 1-1 Asahidai, Tatsunokuchi, Ishikawa,
923-1292, Japan
c National Institute of Materials and Chemical
Research, Higashi 1-1, Tsukuba, 305-8565, Japan

Version of record first published: 18 Oct 2010

To cite this article: Takakazu Yamamoto, Takayuki Sasaki, Tomoaki Yanagida, Takahisa
Shimizu, Isao Yamaguchi, Munetaka Akita, Shintaro Sasaki, Takashi Fukuda & Hiro
Matsuda (2002): New Soluble π -Conjugated Tetrathiafulvalene (TTF) Polymers
Bearing Long Alkyl Side Chains: Preparation by Organometallic Polycondensation,

http://www.tandfonline.com/loi/gmcl20


Structure and Chemical Properties of the Polymers, Molecular Crystals and Liquid
Crystals, 381:1, 101-112

To link to this article:  http://dx.doi.org/10.1080/713738732

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

29
 1

3 
A

ug
us

t 2
01

2 

http://dx.doi.org/10.1080/713738732
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


NEW SOLUBLE p-CONJUGATED

TETRATHIAFULVALENE (TTF) POLYMERS

BEARING LONG ALKYL SIDE CHAINS:
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New soluble poly(arylene) polymers containing TTF units in a p-conjugated

main chain were obtained by organometallic polycondensation. The polymers

assume an ordered structure in the solid and are electrochemically active to be
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INTRODUCTION

Tetrathiafulvalene (TTF) and its analogues have attracted much at-
tention because their CT complexes show interesting chemical and
physical properties [1]. To obtain mechanically tough materials based
on TTF, much effort has been devoted to synthesizing macromolecular
TTFs, including dendrimeric TTFs and TTF-substituted polyolefins
[274].

However, reports on linear polymers containing TTF units in a large
p-conjugated system are limited [4]. We previously reported the pre-
paration of the following p-conjugated TTF polymer with phenyl sub-
stituents [4b].

However, in this polymer the bulky Ph substituents seem to disturb in-
termolecular interactions between the polymer molecules which may be
important for obtaining unique chemical and physical properties in the
solid.

To expand the chemistry of TTF polymers, and for better under-
standing of the TTF polymers, we have prepared analogous TTF
polymers with alkyl substituents instead of the Ph substituent. With-
out substituents, the TTF polymer seems insoluble and unprocessable.
Introduction of long alkyl substituents is expected to increase the
solubility and may lead to ordering of the polymer molecules assisted
by side chain crystallization [5]. Here we report results of the pre-
paration of this new class of TTF polymers with long alkyl side chains
and chemical properties of the polymers.

RESULTS AND DISCUSSION

Dialkyl-TTFs were synthesized by the homo-coupling reaction of
4-alkyl-1,3-dithiol-2-thione according to a method developed by Bryce
and coworkers [6] and iodinated to yield dialkyldiiodo-TTF (2a72c)
(Equation 1). 1a71c were isolated as orange crystals, and data from
elemental analysis (e.g., for 1c: Found: C, 64.64; H, 9.18; S, 26.40%.
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Calc: C, 64.41; H, 9.15; S, 26.45%) and 1H NMR spectroscopy
confirmed these structures.

However, it was difficult to determine the configuration of 1 and 2

based on the 1H NMR data, and the obtained products may contain Z-
isomers. Two specimens of 1c gave the same E-configuration and the
crystallographic data are: C26H44S4, M¼ 484.87, Orthorhombic,
a¼ 10.554(6) Å, b¼ 9.717(3) Å, c¼ 55.144(7) Å, V¼ 5655(3) Å3, T¼
293 K, space group Pbca (no. 61), Z¼ 8, Dcalc ¼ 1.140 gcm�3, no. of
used reflections¼ 1973, no. of variables¼ 271, R¼ 0.060, Rw ¼ 0.043.
The obtained product may contain a Z-isomer. The two 1,3-dithiole
rings of lc are slightly twisted with a dihedral angle of about 3�. As
shown in Figure 1b, 1c assumes an ordered structure assisted by the
packing of the long alkyl side chains. Crystalline 1c underwent a
transition from a crystalline phase to a smectic liquid crystalline phase
at 31�C and showed a smectic-isotropic transition at 51�C, which was
revealed by polarized light microscopy. The DSC showed two en-
dothermic peaks at 42�C and 63�C at a heating rate of 10�C min�1.
Dihexyl-TFF and dioctyl-TTF did not show liquid crystalline proper-
ties, presumably because of insufficient length of the alkyl chain.
There are several examples of TTF derivatives which show liquid
crystalline properties [7]; however, examples of such derivatives are
still limited. No crystal of 2 suitable for X-ray crystallography was
obtained; however, the molecule is also considered to assume an E-
configuration. Indeed, an E-configuration was confirmed for a diphenyl
analogue of 2 [4b]. 1H NMR and elemental analysis data from 2a72c

agreed with the proposed structures.
Organometallic polycondensations using a zero-valent nickel complex (a

mixture of bis(1,5-cyclooctadiene)nickel, Ni(cod)2, and 2,20-bipyridiyl,
bpy)[4b] afforded poly(2,6-dialkyl TTF-3,7-diyl)s (3a73c) in high yields
(Equation 2). For example, 3c was prepared by using 0.52 mmol of 2c,
0.95 mmol of Ni(cod)2, 0.97 mmol of bpy, and 1.0 mmol of cod in 10 cm3 of
DMF at 50�C for 24 h.
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FIGURE 1 ORTEP drawing (a) and stacking pattern (b) of 1c in the crystal. Se-

lected bond lengths (Å) and angles (deg): C(1)-C(4) 1.331(7), C(1)-S(1) 1.763(7),

C(1)-S(2) 1.751(6), C(2)-S(1) 1.736(6), C(3)-S(2) 1.757(7), C(2)-C(3) 1.329(9),

C(3)-C(7) 1.503(8), C(7)-C(8) 1.510(1), C(15)-C(16) 1.440(1), S(1)-C(1)-S(2)

114.0(4), S(1)-C(1)-C(4) 122.8(5), S(2)-C(1)-C(4) 123.2(5), C(1)-S(1)-C(2)

94.8(3), C(1)-S(2)-C(3) 96.0(3), S(1)-C(2)-C(3) 119.4(6), S(2)-C(3)-C(7)

116.2(5), S(1)-C(1)-S(2)-C(3) 1.4(4), S(1)-C(1)-C(4)-S(4)-2.8(8), S(2)-C(1)-

C(4)-S(3) 3.6(8). Figure 1b is a view along b axis.
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Table 1 summarizes the results of the polycondensation. Polymers 3a and
3c were soluble in CHC13 and THF, whereas polymer 3b was partially
soluble in these solvents. Polymer 3a, the soluble part of 3b, and 3c had
number average molecular weights (Mn) of 3,000, 3,600, and 2,500, re-
spectively, based on GPC analyses (eluent¼ chloroform vs. polystyrene
standards). The Mn values of 3a and 3b correspond to a polymerization
degree of about 9. The lower Mn value of 3c seems to be due to the low
solubility of 3c in DMF used for the polymerization. Although the poly-
merization degree is not high enough, the polymer obtained reveals some
properties characteristic of p-conjugated macromolecules of TTF with long
alkyl side chains.

1H NMR spectra of 3a73c (Figure 2) showed a peak due to a-CH2 hy-
drogens bonded to the TTF ring at about d 2.3 and peaks due to other alkyl
hydrogens in the range of d 0.871.5. For 3a and 3c, an aromatic-H peak at d
5.8 was also observed and it was assigned to a terminal TTF unit which is
considered to be formed from a C-Ni unit during work-up of the polymer
[4c]. The peak of the a-CH2 hydrogens bonded to the TTF unit was
somewhat broadened and weakened. Partial natural p-doping of the poly-
TTF core (presumably due to oxidation with air) may bring a special
electronic state and cause such broadening and weakening. For example,

TABLE 1 Results of Polycondensations

Solubilityb

Polymer Yield (%) 10�3Mn
a 10�3Mw

a CHCl3 THF DMF Toluene TFAc

3a 95 3.0 3.6 �� �� �� �� 6
3b 79 3.6 42.5 � � 4 4 �
3c 84 2.5 3.3 �� �� 6 � ��

aDetermined by GPC (eluent¼CHCl3, vs. polystyrene standard).
b��, Soluble; �, partially soluble; 4, slightly soluble; 6, insoluble.
cTFA, Trifluoroacetic acid.
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the natural p-doping may render a paramagnetic character to the polymer,
which will lead to a great decrease in the 1H NMR relaxation time to
broaden the 1H NMR peak(s) of the p-doped part of the polymer. Similar
weakening of the 1H-NMR peak in p-doped polythiophenes has been

FIGURE 2
1H NMR spectra of 3a73c in CDC13.
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reported [8a,b]. Oxidation of the a-CH2 group to C¼O, which was reported
for poly(alkylthiophene)[8c], seem unlikely, since the IR spectrum does not
show a peak due to the C¼O group. For 3c, the 1H NMR peak of the a-CH2

group is especially weakened. This may be due to partial stacking of 3c

assisted by the side chain interaction in the solution [9c]. The local
structure of 3 resembles those of regioregular head-to-head poly(3-al-
kylthiophene) HH-P3RT [10] and poly(4,40-dialkyl-2,20-bithiazole-5,50-diyl)
HH-PRBTz [11].

Such regioregular five-membered ring polymers often take a stacked
structure assisted by the side chain interaction both in the solid and in
solution [9c]. When they take such a stacked structure, the a-CH2 peak in
the 1H NMR spectrum is weakened due to loss of free moving of the a-CH2

unit [9c]. Similar stacking is conceivable for 3, especially for 3c with the
longest alkyl chain, and this explains the weaker a-CH2 peak.

For 3c, the 1H NMR peak area ratio between the CH3 group in the side
chain and the aromatic-H of the terminal TTF unit gave a degree of about
10. IR spectra of the polymers showed a peak at about 1480 cm�1 and
other peaks in the range of 7007800 cm�1. These peaks are characteristic
of the TTF unit and indicate that the TTF unit is maintained in the
polymerization.

UV-vis spectra of 1a71c showed a main absorption peak at 310 nm
(e ¼ 9800 M�1 cm�1 in THF) and a subpeak at about 360 nm (e¼ ca.
2500 M�1 cm�1) with an onset of the absorption bands at about 390 nm.
The polymers 3a73c also gave a main peak and subpeak essentially at the
same positions; however, the absorption bands were broadened and had
long tails extending to about 600 nm, suggesting that there were several
overlapped peaks in the range of 3907600 nm that originated from p-con-
jugation along the polymer chain.

As shown in Figure 3, the powder X-ray diffraction patterns of 3a73c

showed peaks at d¼ 16, 19, and 22 Å, respectively, in addition to a peak at
about d¼ 4.4 Å; the peak of 3c at d¼ 22 Å becomes a shoulder peak in a tail
of the strong original X-ray at 2 y¼ 0�. Appearance of the diffraction peak
in the low angle region (d¼ 16722 Å) suggests that the polymers
assume an ordered stacked structure assisted by the packing of long
alkyl side chains, similar to the cases of regioregular head-to-tail
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poly(3-alkylthiophene-2,5-diyl)s, HT-P3RThs [9]. Plots of the d value vs.
the number of carbons in the alkyl side chain yield a straight line (cf. inset
in Figure 3), similar to the case of HT-P3RThs [9]. The straight line has a
slope of 1.6 Å=carbon and an intercept of about 6.5 Å. The linear correla-
tion, slope of the linear line, and the intercept suggest [5,9] that (a) the d

value corresponds to the distance between the poly-TTF core chains se-
parated by the long alkyl side chains, (b) the polymers take an end-to-end
packing mode [5] in the solid phase, and (c) the poly-TTF core chain has a

FIGURE 3 Powder X-ray diffraction patterns of (a) 3a (b) 3b, and (c) 3c. Plots of

d-spacing between the main chains against the number of carbons in the alkyl side

chain.
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thickness of about 6.5 Å. Packing of alkyl side chains of polymers often
gives a broad peak at d¼ 4.4 Å, which corresponds to the distance between
the chains [5]. Polymers 3a73c did not show liquid crystalline properties.
Thermogravimetric analysis showed that 3a73c begin thermal decom-
position at about 200�C.

All the polymers were electrochemically active, and cyclic voltammo-
grams (CV charts) of their cast films gave two-step peaks at about 0.3 and
0.6 V vs. Agþ=Ag as shown in Table 2. The peaks are assigned to the for-
mation of radical cations and dications of the TTF unit, as shown in
Equation 3.

As shown in Figure 4, the p-doping and p-undoping peaks of the polymer
are broadened compared with those of TTF [12], suggesting delocalization
of electron along the polymer chain. Similar broadening has been reported
for a TTF dimer with no substituent [12], and the present CV results sug-
gest a higher extent of delocalization than that in another TTF dimer with
substituents [13]. In the cast film, the stacking of the polymer molecules
assisted by the long alkyl chain may bring about a coplanar structure of the
polymer and the delocalization of electron. Although biphenyl takes a
twisted structure, poly(p-phenylene)s with long alkoxyl groups [14] are
considered to assume a stacked planar structure assisted by the side chain
crystallization similar to the case of HT-P3RTh [4c,9c].

For 3c, the oxidation potentials are higher than those of 2,6-didecyl-TTF
(Epa¼ 0.16 and 0.42 V vs. Agþ=Ag). The doping levels (charge stored per
repeating unit) estimated from the electric current of 3a and 3c were 0.41
and 0.27, respectively. The electrochemical processes are accompanied by
color changes (electrochromism) of the film. Neutral polymers 3a73c are
brown, and the color of the films changes from brown to green during

TABLE 2 Electrochemical Data from Films of Polymers

Peak potentiala=V

EpaI EpaII EpcI EpcII

Polymer (p-doping) (p-undoping)

3a 0.24 0.64 0.09 0.36

3b 0.35 0.65 0.22 0.37

3c 0.34 0.58 0.30 b

aVersus Agþ=Ag. Measured in an acetonitrile solution of [Et4N]BF4 (0.1 M).
bNot observed.
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FIGURE 4 CV charts of cast films of (a) 3b and (b) 3c on a Pt electrode

(1 cm61 cm) in a CH3CN solution of 0.10 M [NEt4]BF4. Agþ=Ag¼AgNO3=Ag wire.

At room temperature (about 25�C).
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oxidation. Polymers 3a73c themselves showed only a low electrical con-
ductivity s of below 10�8 S cm�1. Iodine-doped polymers of 3a73c showed
electrical conductivities of 6610�7, 9610�6 and 4610�6 S cm�1, respec-
tively.

As described above, organometalic polycondensation of dihalogenated
dialkyl-TTFs gave soluble poly(dialkyl-TTF)s. Although the polymerization
degree of the polymers was not high enough, fundamental information
about their structures and electrochemical properties was obtained. The
monomers in this study can be useful candidates to obtain various types p-
conjugated poly(TTF)s by organometallic polycondensation (e.g., cross-
coupling polymerization with diethynyl and distannyl compounds).
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